Abstract. Pulsed resources, such as natural and anthropogenic inputs of nutrients into natural communities, can have important consequences for primary productivity, as well as for consumers and their predators. Little, however, is known of how a resource pulse influences community assemblages for periods longer than one growing season. This study, repeated twice and in two different habitats on a mid-Atlantic Spartina alterniflora salt marsh, showed that a one-time nitrogen (N) subsidy can have not only significant withinyear effects on plant primary production and herbivore and natural enemy abundance, but can also have long-term effects on plants and arthropod food web structure.
INTRODUCTION
In many ecosystems, resource pulses can influence primary productivity with potential consequences for higher trophic levels. Short-term increases in a limiting resource, such as nutrients, light, or seeds, can have long-lasting effects on community structure and trophic interactions (Ostfeld and Keesing 2000) . Resource pulses either of anthropogenic nature, such as seasonal agricultural runoff or point-source pollution, as well as sporadic natural pulses of allochthonous nutrients resulting from storms, fires, and detritus, are widespread events , Ostfeld and Keesing 2000 , Holmgren et al. 2001 . Most studies of bottomup and top-down effects on herbivores offer only a within-season ''snapshot'' of population dynamics (Stiling and Rossi 1997 , Boyer and Zedler 1998 , but see Hunter 2001 ), or have not been manipulative in nature (Polis et al. 1997b) . A few studies indicate that effects resulting from inputs of basal resources or natural enemies can carry over from one year to the next , Polis et al. 1997b , with the relative importance of these factors even reversing across years (Walker and Jones 2001) . However, the paucity of long-term, detailed studies has limited our ability to predict the extended impacts of pulsed resources and has left open the question of how pervasive the effects of pulsed resources are on natural communities in general.
In environments where critical resources necessary for plant growth are in short supply, plants evolve mechanisms for capturing and/or storing resources rapidly as they become available in the environment (Robinson 1994) . Noy-Meir (1973 , 1974 suggested that arid ecosystems experiencing extreme variance in re-source availability exhibit ''pulse-reserve'' dynamics. That is, plants grow and establish reserves of energy (seeds, biomass) during times of abundant resources that occur during the rainy season. The copious stores of living tissues and detritus generated from the productivity pulse then serve as ''reserves'' that are slowly released and used during periods of low productivity. Therefore, the impact of a resource pulse can be felt over a significantly longer period than that of the initial input.
Long-term effects of a single resource pulse can have profound impacts on trophic interactions in natural communities , Polis et al. 1997b ). Herbivore populations dependent on plants can increase in years after a nutrient pulse, as can densities of their natural enemies. Thus, the effect of a resource pulse on species interactions and food web structure may be prolonged beyond the year of the initial pulse (see Ostfeld and Keesing 2000 for examples) . In fact, the effects on trophic interactions among plants, consumers, and their predators sometimes manifest themselves only in years after the initial pulse (Elkinton et al. 1996 , Ostfeld et al. 1996 , Polis et al. 1998 ). Yet, it is generally unknown what factors promote or attenuate the long-term response of a system to pulses of nutrient availability as well as the potential of long-term consequences for trophic interactions. Factors such as sensitivity to plant quality, dispersal ability, intrinsic rate of increase, or habitat patchiness that influence the ability of herbivores and predators to aggregate in response to local resources can determine where, when, and for how long the effect of a nutrient pulse will persist in an ecosystem (Polis et al. 1997b, Denno and Peterson 2000) .
To examine the effects of a resource pulse on a natural community, we manipulated a mid-Atlantic salt marsh ecosystem via a nitrogen pulse and examined the effects on plants, herbivores, and their natural enemies. Several features of Spartina and its associated arthropod food web make this system ideal for examining the long-term effects of a single nitrogen pulse. First, the dominant cover in many mid-Atlantic salt marshes is the perennial cordgrass Spartina alterniflora Lois, a plant that is nitrogen limited in many coastal marshes such that nitrogen subsidies significantly increase its growth and N content (Boyer and Zedler 1998, Mendelssohn and Morris 2000) . Second, this system incurs sporadic, natural inputs of allochthonous nitrogen that result from runoff following upland fires, storm-tide subsidies of dissolved nitrogen, and marine and estuarine detritus (Zedler et al. 1992 , Page et al. 1995 ). Moreover, due to its sensitivity to available nitrogen, Spartina is particularly vulnerable to anthropogenic inputs of nitrogen-rich wastewater and agricultural runoff (McClelland et al. 1997 , Valiela et al. 2001 . In fact, increased nutrient loading from such subsidies has contributed significantly to changes in the food web structure of estuaries (McClelland and Valiela 1998) and salt marsh plant communities dominated by Spartina (Bertness et al. 2002) . Third, isotope-labeling studies suggest that Spartina retains a significant proportion (40%) of its N pool for up to seven years by translocation from aboveground to belowground reserves and by remineralization of dead belowground biomass (White and Howes 1994a) . Thus, the potential exists for inter-year carryover effects of a nutrient pulse on leaf N content.
Last, variation in Spartina nutrition dramatically affects herbivore and natural-enemy dynamics (Denno et al. 1986 , Olmstead et al. 1997 . Notably, the numerically dominant herbivores on Spartina (phloem-feeding planthoppers) show strong positive density responses to N-subsidized Spartina within the same season (Denno et al. 2002, Gratton and . Short-term studies have also demonstrated that arthropod predators readily aggregate both in response to elevated prey density and in structurally complex habitats characterized by high aboveground biomass and abundant leaf litter Denno 1994, Gratton and . This background information thus documents the short-term impacts of elevated plant nitrogen on herbivore and predator dynamics and provides a mechanistic framework for assessing the potential long-term effects of a single resource pulse on the Spartina food web.
We hypothesized that if Spartina plants exhibit elevated biomass and leaf nitrogen content in years following a nutrient pulse, herbivores that are sensitive to changes in Spartina quality would also sustain elevated densities. Predators, too, should be influenced in subsequent years both directly by enhanced habitat complexity and indirectly via elevated prey density, and should therefore aggregate in such habitats. Finally, we sought to determine if food web structure (herbivore : predator ratio) was altered significantly over the long term and how long the altered structure persisted.
By repeating our experiment in two distinct Spartina habitats (contiguous meadows and small islets surrounded by water), we were able to examine if a nutrient pulse had consistent effects on food web structure in marsh habitats with different characteristics. Habitat patchiness or continuity could significantly affect arthropod dispersal and aggregation across the marsh and therefore affect their response to a nutrient subsidy. In particular, flightless taxa that are relegated to dispersal on the ground throughout most of their life (Bishop and Riechert 1990 , Thomas and Jepson 1999 , Leisnham and Jamieson 2002 may be hindered in their ability to aggregate on isolated habitat patches (e.g., Spartina islets) that have received a nutrient subsidy. In contrast, flight-capable herbivores and predators should show similar responses in both habitats because of their ability to actively colonize favorable habitats (Denno and Peterson 2000) . We anticipate that this two-habitat ap- Ecology, Vol. 84, No. 10 proach will lead to a better understanding of how pervasive and persistent the effect of a resource pulse can be on the structure of arthropod food webs, as well as how likely arthropod communities respond to a nutrient pulse across a heterogeneous landscape. Ultimately, this study will allow us to examine how short-term inputs of nitrogen into a salt marsh, designed to simulate real-world subsidies, influence an arthropod community and how long a one-time allochthonous input continues to impact a sensitive food web.
METHODS

Study system and field site
Our experiments were conducted on an expansive salt marsh near Tuckerton, New Jersey, USA (39Њ30.8Ј N, 74Њ 19.0Ј W) dominated by the perennial cordgrass Spartina alterniflora (Lois.) (see Denno et al. 2002 for detailed description of study system). At this latitude along the mid-Atlantic coast of North America, Spartina dies back in the winter (November-December) with stems and leaves becoming litter (Morris and Haskin 1990) . The following spring (April-May), Spartina tillers expand using energy reserves from belowground rhizomes, and plants eventually reach peak biomass by August.
The most abundant herbivores on Spartina are the specialist planthoppers Prokelisia dolus Wilson and Prokelisia marginata (Van Duzee). Both planthoppers are small (3 mm length) phloem feeders, with similar phenology, generation time (ϳ40 d), lifetime fecundity, and growth rate (Denno 1994) . For the purposes of this study, their densities were combined. Prokelisia nymphs overwinter at the base of Spartina plants and begin to feed the following spring as plants begin to grow. Both planthoppers develop through three generations in the summer months. The phytophagous mirid Trigonotylus uhleri Reuter is a mesophyll feeder that occurs at moderate densities, but is larger than planthoppers (10-12 mm length). In combination, Prokelisia planthoppers and T. uhleri typically constitute over 90% of total herbivore biomass (Vince et al. 1981) and 95% of total herbivore abundance (Denno 1983) , and therefore represent the most significant herbivorous arthropods on Spartina.
The most abundant arthropod natural enemies of Spartina herbivores are generalist spiders, principally the lycosid Pardosa littoralis Banks (20-50 individuals/m 2 ) and the sheet-web building linyphiid Grammonota trivitatta Banks (300-600 individuals/m 2 ) (Dö-bel et al. 1990) . Other spiders such as clubionids and dictynids are less common (total combined densities of 20-40 individuals/m 2 ; Dö bel et al. 1990 ) and are pooled with Grammonota in a group consisting of all non-lycosid spiders. The major natural enemy of Prokelisia eggs is the mirid bug Tytthus vagus Knight (40-200 individuals/m 2 ; Finke and Denno 2002) , and parasitoids of planthoppers such as strepsipterans and dryinids are uncommon at our sites (Ͻ5% parasitism; Denno 1983) .
Habitat heterogeneity coupled with variation in dispersal ability of arthropods is known to influence differentially the ability of species to colonize and persist in Spartina habitats (Dö bel and Denno 1994 . Small tidal creeks and pools dissect contiguous meadows of Spartina, and isolated islets of Spartina are often located in large flooded areas on the high marsh An additional feature that makes this system ideal for examining the persistent effects of a resource pulse is the reassembly of the arthropod community each year following winter. Spartina on mid-Atlantic marshes completely dies back each winter and regrows the following spring from belowground rhizomes. Herbivores and predators overwinter in different habitats and microhabitats on the marsh, and harsh winter conditions significantly decrease their density (Denno 1983) . As a result, the entire food web reassembles in large part each spring. Thus, any long-term response of arthropods to a nutrient pulse is not merely the result of a numerical buildup in the first season with progressively diminishing populations in subsequent years. Rather, the structure of the arthropod assemblage is dictated largely each year by the individual responses of herbivores and predators to vegetation quality and structure .
Nutrient pulse
An experiment was performed in two distinct and neighboring habitats (Spartina meadows and islets) to examine the potential long-term effects of a nutrient pulse on Spartina (biomass and N content) and the densities of associated herbivores and predators. Meadows plots were located within a large and contiguous expanse of short-form Spartina, an environment that allowed organisms to disperse freely among experimental plots. In contrast, islet habitats occurred as small patches of Spartina (1 m 2 ) that were separated from each other and the mainland by standing water. Thus, the patchy configuration of the islet habitat had the potential to curtail movement of less mobile organisms such as non-lycosid spiders.
In 1998, ammonium nitrate fertilizer was added at a total rate of 60 g N/m 2 to square plots (1.5 m 2 ) in meadows of Spartina over a 4-wk period starting in mid-May. Forty experimental plots were established in 5 blocks (separated by 3-50 m), and within each block half of the plots were randomly assigned to receive N additions (for details see Gratton and Denno 2003) . In 1999, ammonium nitrate fertilizer was added at a total rate of 120 g N/m 2 to small Spartina islets (ഠ1 m 2 ) over an 8-wk period starting in mid-May (for details see Denno et al. 2002) . A higher fertilization rate was applied to islets because of the greater frequency of inundation and thus enhanced dilution effect in this habitat. These fertilization rates produced Spartina plants that, by the end of the first growing season, had a N standing stock of 10-25 g N/m 2 . These levels of plant N are comparable to those found in New England Spartina marshes that experience high nutrient loading from nearby coastal developments (Bertness et al. 2002) . Fourteen experimental islets were randomly chosen from a large archipelago and were assigned to 7 blocks (pairs). One islet in each block was randomly chosen to receive nutrient additions while the other was left as a control. The archipelago of islets was located within 30-100 m of the Spartina meadow plots used in 1998. No additional nutrient additions were made to the experimental plots after the initial application.
Plant and arthropod sampling
Peak aboveground plant biomass was determined by sampling plots once or twice each season (Table 1 ). All aboveground vegetation within a 0.047-m 2 quadrat was clipped to the bare ground with electric lawn shears to determine live and dead (standing and litter) Spartina biomass (grams dry mass per square meter). Samples were oven dried at 70ЊC for 48 h before being weighed. Live plant biomass was ground to a powder in a laboratory plant grinder (Thomas-Wiley Mill, VWR International, West Chester, Pennsylvania, USA) passed through a 1-mm screen and analyzed for total percentage of N using a CHN automated analyzer (CHN 600, Leco, St. Joseph, Missouri, USA).
Population densities of herbivores (adults and nymphs of Prokelisia, and pooled stages of T. uhleri) and invertebrate predators (lycosid spiders, non-lycosid spiders, and T. vagus) in each treatment plot were estimated using a D-vac suction sampler fitted with a 0.093-m 2 sampling head. All plots were sampled twice each season until the fall of 2001 (Table 2 ). This procedure resulted in an assessment of carryover effects for 4 and 3 complete growing seasons after the initial N subsidies were applied to meadows in 1998 and islets in 1999, respectively. Sampling consisted of 2 nonoverlapping 8-s placements of the D-vac suction sampler head (model 20, Rincon-Vitova Insectaries, ventrua, California, USA) over the Spartina vegetation. Arthropod densities are reported as number of individuals per square meter.
Statistical analysis
A repeated-measures ANOVA (Littell et al. 1996 , SAS Institute 2002) was used to examine the effect of the fertilization subsidy on plant characteristics and arthropod densities (Table 3 ). In addition, and as an index of change in food web structure, we examined how the ratio of total herbivores (sum of all Prokelisia and Trigonotylus) to total predators (sum of all spiders and Tytthus) differed between fertilized and control plots over time. For each experiment (meadows and islets), a mixed model was used to test the effect of Fertilization treatment (Fertilized vs. Control), Sample Notes: Data were log-transformed prior to analysis. * P Յ 0.05; ** P Յ 0.01; *** P Յ 0.001; **** P Յ 0.0001; NS, P Ͼ 0.05. For the meadow habitat experiment, Block and Block ϫ Fertilization effects were entered as random effects and individual plots were nested within treatments and blocks as the within-subjects (repeated) effect. For the islet experiment, differences between treatments were tested using blocks as random effects and individual islets nested within treatments and blocks as the withinsubjects (repeated) effect. The within-subjects covariance structure was modeled using the repeated statement in PROC MIXED (SAS Institute 2002) and was selected based on Akaike's Information Criterion (AIC) to provide the most parsimonious fit to the data (simple or compound symmetrical covariance structure were most common). An additional repeated-measures AN-OVA was performed to test for differences in herbivore : predator ratio between islet and meadow habitats using data from the first six sampling dates from each experiment. All data were log-transformed prior to analysis to meet normality assumptions. As a measure of effect size, mean differences between fertilized and control treatments (with 95% confidence intervals) were calculated for each date from least-squares means parameter estimates of the ANOVA (using SLICES option, PROC MIXED). Mean differences between fertilized and control plots (and 95% CI) were back-transformed for graphical presentation. Thus, data shown in the figures are presented as the ratio of the mean of a response variable in the fertilized treatment to the mean of that response variable in the control. A ratio of 1 indicates no difference in the measured variable between the two treatments, whereas a ratio Ͼ1 indicates that the mean of the variable was greater in fertilized plots than in controls. To determine the relationship between changes in plants, herbivores, and predators in fertilized compared to control plots over the course of the experiment, we Ecology, Vol. 84, No. 10 FIG. 1. The effect of a one-time nitrogen subsidy on the (A) live Spartina biomass, (B) dead Spartina biomass, and (C) nitrogen content (%) of Spartina during a four-year time period (1998) (1999) (2000) (2001) in a meadow habitat at Tuckerton, New Jersey, USA. The nutrient effect was assessed as a ratio of the mean in the fertilized plot to the mean in the control plot. Values along the x-axis (1-8) indicate sequential samples taken over the course of the experiment with odd numbers corresponding to early-season samples and even numbers to lateseason samples within each year (see Table 1 for specific sample dates). The upper and lower extremes of each bar represent the 95% confidence intervals, and the midline is the mean response. A ratio of 1 indicates no effect or no difference between the mean of a variable in a fertilized plot compared to the control. Values Ͼ1 indicate a positive response to nutrient subsidy. Asterisks above bars indicate whether differences are significantly different from 1.0 (P Ͻ 0.05). N/A indicates that the variable was not measured on a particular date. (1998) (1999) (2000) (2001) in a meadow habitat at Tuckerton, New Jersey. The nutrient effect was assessed as a ratio of the mean density in the fertilized plot to the mean density in the control plot. See Fig. 1 legend for details. A zero along the x-axis indicates that no individuals were present on a particular date. cosid spiders, Tytthus). A positive correlation between effect sizes indicates, for example, that an increase in one variable (e.g., live biomass) in fertilized plots compared to controls was also associated with an increase in a second variable (e.g., lycosid density) in fertilized compared to control plots. We performed correlations using the effect sizes (log[Fertilized/Controls]) for each season (computing an average when both early and late season effects were available) and combining data from meadow (n ϭ 4 yr) and islet (n ϭ 3 yr) experiments (total of n ϭ 7). Seasonal means were used in the correlation to minimize problems of nonindependence among dates. Family-wide error rate for these tests was set at ␣ ϭ 0.10, and Bonferroni adjustments were made to account for multiple tests within each group of comparisons (␣ critical ϭ 0.10/9 ϭ 0.011).
RESULTS
Plant responses to nutrient pulse
Throughout the course of the experiments, the biomass and nitrogen content of Spartina growing in unfertilized (i.e., control) meadow and islet plots was very similar. Only the accumulation of dead biomass dif-PLATE 1. Spartina alterniflora islets growing in a salt marsh near Tuckerton, New Jersey (USA), during the summer of 2000. The islet in the foreground was fertilized during 1999, yet it continues to exhibit visibly greater grass biomass and thatch accumulation one year later compared to unfertilized islets pictured in the right background. Herbivores associated with previously fertilized islets also show elevated densities up to two years following fertilization. Photo by Claudio Gratton. fered between meadows (367 Ϯ 11 g dry mass/m 2 [mean Ϯ 1 SEM]) and islets (260 Ϯ 19 g dry mass/m 2 , F 1,25 ϭ 13.7, P ϭ 0.001). This pattern of litter accumulation is consistent with the view that dead plant biomass is more frequently removed by tidal flushing in flooded islet habitats than in less frequently disturbed meadow vegetation.
Shortly after meadow plots and islets were first fertilized, there was a rapid increase in live Spartina biomass (ϳ2-3 fold; Figs (Tables 1 and 3A ). In the meadow habitat, the difference in biomass and nitrogen content of Spartina between fertilized plots and controls decreased over time (Table 3A , significant Fertilization ϫ Date). By the beginning of the second growing season (1 yr after the fertilization pulse), live Spartina biomass was ϳ1.4 times greater in previously fertilized plots compared to controls, but there was no difference between treatment and control plots 3 yr after the nutrient addition (2001; Fig. 1A) . A similar pattern was seen for dead biomass (Fig. 1B) and percentage of N ( Fig. 1C) with significantly elevated levels persisting in fertilized plots for 1 and 2 yr, respectively, but disappearing by the end of the third year following the nutrient pulse. Likewise, in the islet habitats, live Spartina biomass ( Fig. 2A ) remained significantly greater in fertilized plots 2 yr following the resource pulse, whereas dead biomass ( Fig. 2B) and percentage of N (Fig. 2C) converged on values found in controls by the second year.
Herbivore responses to nutrient pulse
Fertilization of Spartina meadows influenced herbivore densities well after the first growing season (see Plate 1); however, the difference between fertilized and control plots generally diminished over time (Table 3B , significant Fertilizer ϫ Date). For example, in meadow habitats the density of Prokelisia adults was higher in fertilized plots at the end of the first growing season (Fig. 3A) , although nymphal densities were lower in fertilized plots relative to control plots (Fig. 3B) . Densities of both adults and nymphs were not different between fertilized plots and controls the following year. However, in the second year following the fertilization pulse, Prokelisia densities were significantly higher for both nymphs (20 fold higher) and adults (5 fold) in previously fertilized plots. This effect persisted for nymphs through the beginning of the third year following fertilization, but eventually attenuated for both adults and nymphs by the end of 2001 (Fig. 3A, B) . For Spartina islets, however, the carryover effect on Prokelisia was observed only the following spring for both adults and nymphs (Fig. 4A, B) . Densities between fertilized and control plots were comparable by the end of the second year after the nutrient pulse.
Trigonotylus uhleri, the herbivorous mirid, also showed a rapid and large positive response to the fertilization pulse (6-15 fold increase), but this effect was short lived. In meadow habitats, densities of T. uhleri remained elevated in fertilized plots for the second growing season (Fig. 3C ), but subsequently declined to low levels in all plots (Table 2A ) with no differences in density between fertilized and control plots (Fig.  3C) . The carryover effect was also short lived in islet habitats where a significant response to fertilization occurred only during the same year as the nutrient subsidy (Fig. 4C) .
Predator responses to nutrient pulse
Arthropod predators of Spartina herbivores also showed a rapid and persistent positive response to N subsidy. However, some predators (e.g., non-lycosid spiders and Tytthus) showed a sustained high density for several years, while others (e.g., lycosids) did not (Table 3 ). For example, in both meadows and islets, lycosid spiders were more abundant in fertilized plots during the first season following nutrient addition (Figs. 3D and 4D ). Their densities, however, showed no persistent response to fertilization treatment (Figs. FIG. 4 . The effect of a one-time nitrogen subsidy on the density of (A) Prokelisia adults, (B) Prokelisia nymphs, (C) Trigonotylus uhleri, (D) lycosid spiders (primarily Pardosa littoralis), (E) non-lycosid spiders (primarily Grammonota spp.), and (F) Tytthus vagus during a three-year time period (1999) (2000) (2001) on islets at Tuckerton, New Jersey. The nutrient effect was assessed as a ratio of the mean in the fertilized plot to the mean in the control plot. See Fig. 1 legend for details. A zero along the x-axis indicates that no individuals were present on a particular date.
3D and 4D) decreasing dramatically in subsequent years (Table 2) . By contrast, in meadows, both nonlycosid spiders (Fig. 3E ) and the egg-predator Tytthus (Fig. 3F ) exhibited elevated densities in previously fertilized plots through the end of the second year following the nutrient addition. Similarly on islets, Tytthus densities remained elevated in previously fertilized plots one year later, but densities in fertilized and control plots converged thereafter (Fig. 4F) . Tytthus densities therefore showed the same long-term response to the nutrient pulse as their planthopper prey. Densities of non-lycosid spiders on Spartina islets experiment did not show any differences between fertilized and control plots (Fig. 4E) , despite their overall higher abundance in the islet habitat (Table  2B) . Ecology, Vol. 84, No. 10 FIG. 5 . The effect of a one-time nitrogen subsidy on the herbivore-to-predator ratio (A) in Spartina meadows from 1998 to 2001, and (B) on Spartina islets from 1999 to 2001 at Tuckerton, New Jersey. The nutrient effect was assessed as the mean ratio in the fertilized plot (total herbivores : total predators) to the mean ratio in the control plot. See Fig. 1 legend for details.
Changes in food web structure in response to nutrient pulse
The ratio of total herbivores (Prokelisia plus T. uhleri) to total predators (spiders plus Tytthus) was used as an index of trophic structure in Spartina. In meadow habitats, there was a large initial increase in total predators to herbivores in fertilized compared to unfertilized plots (Fig. 5A) . This resulted in a lower herbivore : predator ratio in fertilized plots than controls (Table  2A) . The suppressing effect of previous fertilization on herbivore : predator ratio continued into the next year as the pooled total of predators remained high in fertilized plots, whereas herbivore density was not different between the treatments (Fig. 5A ). This ratio was most influenced by the high densities of non-lycosid spiders and, to a lesser extent, Tytthus, in fertilized plots (Table 2A) . The nutrient pulse continued to affect food web structure until the fourth year of the study, when differences attenuated (significant Fertilizer ϫ Date interaction, Table 3B ).
On Spartina islets, there was a small, but positive effect of fertilization on herbivore : predator ratio. Herbivores outnumbered predators slightly in fertilized plots (Table 2B) , although this effect was small (Fig.  5B, Table 3B ). There were significant differences of the effect of the nutrient pulse on herbivore : predator ratio between the two habitats (Habitat ϫ Fertilization, F 1, 53.2 ϭ 34.8, P Ͻ 0.0001; Fig. 5 ), an effect that changed over time as meadow plots converged on controls (Habitat ϫ Fertilization ϫ Date, F 5, 35.6 ϭ 7.8, P Ͻ 0.0001). This difference in herbivore : predator ratio between the two habitats is primarily attributable to the fact that, on islets, densities of the most abundant predators, non-lycosid spiders, were equally abundant in fertilized plots compared to controls (Fig. 4E , Table  3B , Fertilization effect, ns), while in meadows, nonlycosid spider densities were much more abundant in fertilized plots.
In general, the effect size of bottom-up factors (Figs. 1 and 2) was positively correlated with the effect of the nutrient pulse on the density of mobile herbivores (r ഠ 0.68-0.79) such as Trigonotylus (with percentage of N and live Spartina biomass) and Prokelisia adults (with percentage of N; Table 4A ) in fertilized plots (P ഠ 0.03-0.09). For example, the larger the difference in percentage of N between subsidized and control plots (Figs. 1A and 2A) , the larger the difference between Prokelisia adult densities in subsidized compared to control plots (Figs. 3A and 4A) . Similarly, bottom-up effect size was also positively associated with the effect size of Lycosid spiders (with percentage of N and live biomass) and the egg-predator Tytthus (with percentage of N; Table 4A ). In addition, there was a positive relationship between the effect size of these predators and several prey species (Lycosids with Trigonotylus and Tytthus with Prokelisia adults; Table 4B ). The effect size of non-lycosid spiders, although positively affected by fertilization in meadows (Fig. 3E) , was not related to changes in effect size of plant characteristics (Table 4A) .
DISCUSSION
Despite a detailed understanding of within-season effects of nutrient additions on the salt marsh cordgrass Spartina, few studies have tracked plants and their associated arthropods for periods Ͼ1 yr after a nitrogen pulse (but see Boyer and Zedler 1998, Lindig-Cisneros et al. 2003) . Our study found that a single nitrogen subsidy in Spartina meadows and islets had effects that persisted for up to three years and extended to three tropic levels. In general, Spartina plants exhibited increased aboveground biomass for 2-3 yr and higher nitrogen content for 1-2 yr following the nutrient pulse. The persistent effect of the N addition on host plant quality and quantity enhanced herbivore abundance. Populations of Prokelisia adults (1-2 yr) and nymphs Note: Effect size ϭ log(Fertilized/Control); ␣ critical ϭ 0.10/9 ϭ 0.011. In bold are significant correlations (P Յ ␣ critical ); in italics are marginally significant correlations (P Յ 0.10); n ϭ 7.
(2-3 yr) were higher in fertilized plots following nutrient subsidy. Trigonotylus uhleri densities were higher on fertilized plants only for a brief time, either within the same season as the nutrient addition, or for only one year after the pulse. The carryover effect of the nutrient pulse on plants and herbivores also propagated to the third trophic level. Densities of both non-lycosid spiders and specialist egg predators of Spartina herbivores were higher in fertilized plots for 1-2 yr after the nutrient pulse. In contrast, wolf spider density was elevated in fertilized plots only within the same season as the initial fertilization pulse. Thus, not all members of the arthropod assemblage responded similarly to the resource pulse, and certain predators responded differently to the nutrient pulse in the two habitats. As a result, in meadow habitats food web structure was significantly altered for up to two years.
Bottom-up basis of carryover effect
The mechanisms underlying the carryover effects of the nutrient pulse on the arthropod assemblage stem from both elevated Spartina quality and habitat structure. Fertilization of Spartina has been shown to increase densities of herbivores such as planthoppers , mirids , and scale insects (Boyer and Zedler 1996) over the short term. Our study corroborates these earlier findings and further demonstrates that the effect of elevated plant N can persist across years, especially for N-sensitive herbivores such as Prokelisia planthoppers (Olmstead et al. 1997) . Furthermore, the greater the response of plant nitrogen content and biomass from the N pulse, the greater the density response of adult Prokelisia and Trigonotylus in fertilized plots (Table 4A) .
On salt marshes, pulses of nutrients can occur from both natural and anthropogenic sources. In strongly seasonal environments, winter rains can serve as important conduits of nutrients to the marsh surface (Page et al. 1995, Fong and Zedler 2000) . Such a seasonal effect can also be magnified in years of unusually high precipitation such as during an El Niñ o event (Zedler et al. 1992) . Tropical disturbances or hurricanes and associated storm surges can also deposit N and organic matter in coastal areas . In addition, allochthonous sources of N from agriculture or municipal wastewater can be intercepted by marshes neighboring developed or urbanized areas (Valiela and Cole 2002) . Fires in wetlands, either naturally occurring ones or those used for habitat management, can also result in the pulsed release of nutrients (Schmalzer and Hinkle 1992) . Whether nutrient pulses should be considered part of the natural dynamics of salt marsh food webs or whether they constitute disturbances depends on their frequency and intensity (Polis et al. 1997b) , information that is currently unavailable for most salt marshes. Nevertheless, given the increasing rate of urbanization in many coastal areas and the increased N loading of associated watersheds (McClelland et al. 1997) , the impact of even short-term nutrient pulses in coastal wetland will likely increase in the future.
Although studies on the prolonged effects of a resource pulse on consumers are few, most, including this study, suggest a long-term bottom-up influence on herbivore abundance. Heavy rains associated with ENSO (El Niñ o-Southern Oscillation) events offer a dramatic example of episodic pulses of a limiting resource into a region (Holmgren et al. 2001) . Long-term studies of small mammals in semiarid grasslands documented that following El Niñ o rains there was a threefold increase in total seed bank and an associated 20 fold increase in seed-and forageeating rodents one year later . Similarly, Polis et al. (1997b) found that heavy rains associated with ENSO events had extended effects on the terrestrial community associated with small desert islands. Plant abundance on some islands increased by three orders of magnitude during ENSO rains, but decreased dramatically the following year when precip-itation returned to normal. Consumers dependent on in-situ resources continued to show elevated abundance in years after rains, responding primarily to increased levels of newly accumulated detritus in years following heavy rains (Polis et al. 1997b ). In addition, masting in oak-dominated forests has been linked to rodent population increases in years following heavy acorn production (Elkinton et al. 1996 , Ostfeld et al. 1996 . In general, as long as limiting resources for herbivores (such as nitrogen, nectar, or seeds) persist in years following a resource pulse, the potential exists for their continued impact on consumers.
Carryover effects on predators
Previous short-term studies have shown that salt marsh spiders aggregate in habitats with high accumulations of live and dead biomass (Dö bel et al. 1990 , Dö bel and Denno 1994 . In the present study, the nutrient pulse also generated a structurally complex habitat that we hypothesize favored the accumulation and retention of arthropod predators in Spartina for several years after the initial subsidy. Spider densities were highest in fertilized plots in the first season of the fertilization pulse where dead and live Spartina biomass was high. In fact, as the magnitude of the effect of the nutrient pulse on plant biomass declined, the density of lycosids in previously fertilized plots also decreased dramatically (Fig. 3D , Table 4A ). A similar response was seen with non-lycosid spiders in meadow habitats (Fig. 3E) . However, in the year following the nutrient pulse, lycosid densities declined, and despite the persistence of elevated plant biomass in fertilized Spartina, lycosids were less abundant in fertilized plots. This suggests that wolf spiders aggregate in Spartina habitats only when aboveground biomass exceeds a minimum critical threshold. Polis et al. (1998) found that pulses of nutrients influenced predators via direct plant effects. On desert islands, heavy El Niñ o precipitation resulted in increased pollen and nectar resources available for pompilid parasitoids. Populations of pompilid wasps increased in the year following rains and greatly suppressed populations of their primary spider prey. In addition to direct bottom-up effects on predators, nutrient pulses can influence predators via altered prey density. For example, the positive relationship between the effect size of the nutrient pulse on Tytthus and Prokelisia adults suggests an aggregative or numerical response of this host-specific predator to changes in prey density. Jaksic et al. (1997) also suggest that vertebrate predators (hawks, owls, foxes) of small rodents almost double their populations in response to increasing prey densities following an El Niñ o productivity pulse. Thus, both the presence of resources directly consumed by predators (prey or alternate resources such as nectar), as well as features of the habitat itself (enhanced structural complexity) that remain altered in years after a resource pulse, can continue to enhance predator abundance, alter food web structure, and ultimately influence top-down impacts on prey populations.
Given the bottom-up basis for the prolonged carryover effect, an important feature that affects the duration of a resource pulse in this ecosystem is the ability of Spartina to take up and store N. This dynamic will be influenced to a great extent by interactions between the plants and the soil microbial community responsible for N mineralization and immobilization in marsh sediments (Teal et al. 1979, White and Howes 1994a, b) . Additional variables, such as frequency of tidal inundation, as well as soil drainage and coarseness, could further alter the ability of N to be retained in the system and ultimately be assimilated by plants (Lindig-Cisneros et al. 2003) . The more rapid return of plants to control conditions on islets (Fig. 2 ) may reflect the relatively greater inundation and waterlogging of these habitats and the associated inhibition of N uptake and plant growth (Mendelssohn and Morris 2000) . Furthermore, the persistence of favorable habitats for predators, such as those rich in leaf litter, may depend on how rapidly dead biomass decomposes in N-subsidized plots. Elevated soil nitrogen and higher quality detritus (low C/N) in fertilized plots may increase decay rates by supplementing microbial nutrition (Melillo et al. 1982) . Therefore, the legacy of a nutrient pulse as it affects the leaf-litter component of habitat complexity may be diminished by the action of belowground microbiota.
Effect of nutrient pulse on food web structure and trophic interactions
As a result of the persistent differences in herbivore and natural enemy abundance in nitrogen-subsidized plots, food web structure (herbivore : predator ratio) in Spartina was altered for up to two years following the nutrient pulse (Fig. 5) . Increases in predator abundance in response to the nutrient pulse create conditions conducive to negative impacts (top-down control) on herbivore populations. Within a single growing season, spider predators and Tytthus can decrease the population growth of Prokelisia planthoppers , Finke and Denno 2001 . Trigonotylus, in contrast, is not sensitive to topdown effects and is most likely responding exclusively to the availability of plant nitrogen .
The observation that planthopper populations were higher in fertilized plots even three complete growing seasons after the initial N pulse suggests a continued response to elevated N concentrations and live Spartina biomass. Planthoppers preferentially colonize these habitats year after year as long as conditions remain favorable. As plant quality and biomass begin to decline over time, so do differences in herbivore densities between subsidized and controls plots. The harsh winter conditions and dieback of Spartina at this latitude forces populations of arthropods to rebuild each spring (Denno and McClure 1983) . Thus, the carryover effects of bottom-up factors influence arthropod recruitment and aggregation into previously subsidized plots, and predator-prey dynamics replay themselves de novo each year. Using a modeling approach, Schmitz (2000) suggests that, in strongly seasonal environments, longterm patterns of community structure may depend more on short-term behavioral responses (e.g., foraging behavior, dispersal) to within-season conditions than on density responses of the community over the long term.
The impact of the nutrient pulse on food web structure, however, differed significantly between the two Spartina habitats. We hypothesize that differences in food web structure reflect the interplay of different modes of dispersal of arthropods across different marsh habitat configurations (contiguous vs. patchy). Flightcapable arthropods such as Prokelisia, Trigonotylus, and Tytthus, as well as the more mobile lycosid spiders, all rapidly and selectively colonize high-quality Spartina patches (nutritious plants with increased biomass and prey) after the initial resource pulse and continue to recolonize or persist in these plots each year as long as conditions remain favorable. These mobile arthropods showed consistent responses to N addition in both Spartina meadows and islet habitats. In contrast, nonlycosid spiders, primarily linyphiids, showed this response only in continuous meadow habitats. This suggests that the isolation of islets may severely limit these spiders from effectively redistributing in more suitable habitats. Thus, in this system, where long-term responses to a nitrogen pulse are largely influenced by colonization dynamics, food web structure is most affected when habitat configuration (e.g., contiguous Spartina meadows) allows predators to readily aggregate in previously subsidized plots.
CONCLUSIONS
Our study documents the long-term carryover effects of a one-time nutrient subsidy on the quality and structure of Spartina and its associated community of arthropods. A handful of other theoretical (Huxel and McCann 1998) and empirical studies (Polis and Hurd 1995 , Nakano et al. 1999 , Henschel et al. 2001 ) also suggest that allochthonous subsidies can have profound impacts on community assemblages and food web interactions (Polis et al. 1997a, Nakano and Murakami 2001) . Together, such studies (Ostfeld and Keesing 2000) suggest that the long-term effects of short-term resource subsidies are significantly underestimated due largely to the scarcity of investigations that follow the food web consequences of nutrient subsidies for periods longer than one year (Polis et al. 1997b) .
In summary, we found that Spartina, its herbivores and predators, and arthropod food web structure were altered for at least two years following a single nutrient pulse. Some components of the food web, such as the aboveground biomass of Spartina and Prokelisia abundance, continued to show differences in previously fertilized plots well into the third year. The inter-year effect on herbivores was primarily related to persistent effects of the nutrient subsidy on foliar N concentration, whereas predators likely responded to prolonged effects of aboveground biomass (habitat complexity) and prey density. The response of the various players in the food web to the nutrient pulse, and thus food web structure, was also contingent on the Spartina habitat (contiguous meadows vs. islets) and the ability of arthropods to disperse among these habitats. Differentiating between localized (within-habitat) population growth and dispersal into habitats that have experienced resource pulses will prove critical to understanding the likelihood and duration of a nutrient pulse effect in an ecosystem. Therefore, although a resource pulse may appear to be a discrete and short-lived event, longer term studies (Ͼ1 yr) will likely continue to find that nutrient pulses can have persistent and pervasive effects on food webs and community interactions (Ostfeld and Keesing 2000). Knowing how bottom-up effects in natural systems carry over across years to impact food web structure and dynamics will improve our understanding of what controls productivity and biodiversity and enhance our capacity to restore anthropogenically disturbed habitats.
